Abstract. Once deposited in the female tract, sperm face a series of challenges that must be overcome to ensure the presence of an adequate normal sperm population close to the site of fertilization. Our aim was to evaluate the influence of the uterine milieu on boar sperm morphology. In experiment 1, sperm morphology was evaluated in the backflow (60 min after insemination) and within the uterotubal junction (UTJ) (collected ~24 h after insemination) following intrauterine sperm deposition (n = 6) and compared with the morphology of the sperm in the insemination dose. In experiment 2, the influence of the uterine fluid (UF) on sperm morphological modifications was evaluated. For this purpose, ejaculated (n = 4) and epididymal (n = 4) sperm were in vitro incubated with or without UF for 2 and 24 h. In both experiments, sperm were classified as normal, having a cytoplasmic droplet (proximal or distal) or having tail defects. The results of experiment 1 pointed to an increase in morphologically abnormal sperm collected in the backflow (27.70%) and a reduction of the same in the UTJ (2.12%) compared with the insemination dose (17.75%) (P < 0.05). In experiment 2, incubation of ejaculated sperm with UF did not provoke any morphological modifications; however, when epididymal sperm were incubated with UF, a pronounced increase in the percentage of normal sperm was evident after 24 h compared with the initial dose (from 25.77% to 53.58%, P < 0.05), mainly due to distal cytoplasmatic droplet shedding (53.22 vs. 20.20%). In conclusion, almost all the sperm that colonize the UTJ had a normal morphology, with part of the abnormal sperm having been discarded in the backflow and part selected/modified on their way to the oviduct. UF seems to influence cytoplasmic distal droplet removal, as demonstrated previously in seminal plasma. Key words: Backflow, Cytoplasmic droplet, Porcine, Sperm morphology, Uterine fluid (J. Reprod. Dev. 61: [407][408][409][410][411][412][413] 2015) H ow and why some specific sperm rather than others reach the oocyte within the uterus is not clear. From the billions of sperm inseminated only thousands reach the uterotubal junction (UTJ) and caudal isthmus [1, 2] , where they establish the sperm reservoir. The influx of polymorphonuclear neutrophils (PMNs) and retrograde flow (backflow) after insemination are two of the main known mechanisms by which sperm are cleansed from the genital tract, as reviewed by . Although it is not clear how sperm are selected, what seems evident is that the female reproductive system and the properties of the sperm themselves are involved in the natural process of sperm selection on their way to the fertilization site [4] .
H
ow and why some specific sperm rather than others reach the oocyte within the uterus is not clear. From the billions of sperm inseminated only thousands reach the uterotubal junction (UTJ) and caudal isthmus [1, 2] , where they establish the sperm reservoir. The influx of polymorphonuclear neutrophils (PMNs) and retrograde flow (backflow) after insemination are two of the main known mechanisms by which sperm are cleansed from the genital tract, as reviewed by Soriano-Úbeda et al. [3] . Although it is not clear how sperm are selected, what seems evident is that the female reproductive system and the properties of the sperm themselves are involved in the natural process of sperm selection on their way to the fertilization site [4] .
Once the spermatozoa are deposited in the female genital tract, they still have to overcome several obstacles (e.g., the cervix) and different environments (e.g., uterine and oviductal fluid) that may have a detrimental effect on sperm populations [5, 6] . In an experiment in pigs, only 10% of the inseminated spermatozoa were recovered from the uterus 2 h after sperm cervical deposition [7] , reflecting the difficulties involved in crossing the cervix. On the other hand, spermatozoa within an ejaculate are heterogeneous in many aspects, for example, as regards motility, morphology, morphometry, DNA integrity, acrosome status or the efficiency of their signal transduction pathways (e.g., capacitation) [4, 5] . These observations suggest that spermatozoa within an ejaculate compete with each other and that the capability of the sperm to colonize the oviduct is involved in egg fertilization, although the specific characteristics of the spermatozoa that finally fertilize the oocyte remain unknown. Identifying which sperm traits influence male fertility is the first step in understanding how selection affects sperm quality [8] . Nowadays, semen assessment methods are commonly used in spermiograms in infertility clinics for humans or AI centers (for livestock species) and have also been used as an indicator of sperm quality, although how fertile a sample really is still cannot be predicted [4] . Sperm morphology is one of the routinely evaluated parameters in a sperm sample. Spermatozoa in the epididymis possess a proximal cytoplasmic droplet (behind the neck), which is translocated to a distal position (at the end of the midpiece) during their transit through the epididymis before reaching their final maturation site (cauda epididymis) (reviewed by Cooper [9] ). The fact that a low percentage of ejaculated spermatozoa in different species have droplets suggests that they are removed during ejaculation [9] . So, the presence of sperm cytoplasmic droplets (proximal or distal) in an ejaculate has generally been considered to be detrimental to semen storage [10, 11] or indicative of reduced potential fertility [12] [13] [14] , sperm plasma membrane alteration [15] or a reduced ability to interact with porcine oviductal epithelial explants [16] . Moreover, abnormalities in the flagellum disqualify spermatozoa from taking part in fertilization [4] .
Although several studies have analyzed sperm morphology within the uterus in a variety of species [17] [18] [19] , no study has compared sperm morphology in the ejaculate, backflow and uterus at the same time. We hypothesize that sperm of abnormal morphology are naturally discriminated against after deposition and discarded through the backflow or selected or modified within the uterus during their journey to the oviduct. The present study was divided into two experiments. In the first experiment, to evaluate whether the uterus acts as a barrier to abnormal sperm, sperm with an abnormal morphology in the backflow (60 min of insemination) and within the UTJ (24 h after insemination) were compared with the semen used for insemination. Post-cervical insemination was used to deposit the sperm directly into the uterus body, thus avoiding the cervix (a known barrier for sperm) to test whether the uterine horns can select normal sperm per se. In the second experiment, which was carried out to evaluate whether the composition of the uterine fluid (UF) could influence sperm morphology (e.g., shedding of cytoplasmic droplets), ejaculated spermatozoa (high percentage of morphologically normal sperm and presence of seminal plasma) and epididymal spermatozoa (low percentage of morphologically normal sperm and no seminal plasma) were incubated with UF for 24 h.
Material and Methods

Ethics
This study was carried out in strict accordance with the recommendations in the Guiding Principles for the Care and Use of Animals (DHEW Publication, NIH, 80-23). The protocol was approved by the Ethical Committee for Experimentation with Animals of the University of Murcia, Spain (project number: AGL2012-40180-C03-01). All surgeries were performed following analgesic and anesthetic protocols [20] , and efforts were made to minimize suffering.
Spermatozoa collection
Ejaculates from mature boars (Duroc) of proven fertility were used in this study. The ejaculates were obtained after at least 3-4 days of abstinence. The samples were collected by the gloved-hand technique and filtered to remove the gel. The sperm samples had to fulfill minimal quality criteria before use: rich fraction volume ≥ 75 ml, concentration ≥ 200 × 10 6 sperm/ml, motility ≥ 70% and vitality ≥ 85%. When necessary, samples were cooled to 15 C and transported at that temperature to the laboratory for further analysis.
Epididymal spermatozoa were collected as previously described [21] . Briefly, within 30 min of slaughter, the porcine cauda region of the epididymis was dissected, and the spermatozoa were obtained by retrograde air flushing. For this purpose, a 21-G needle attached to a 5-ml syringe filled with air was introduced into the vas deferens. Spermatozoa were then flushed in a retrograde direction from the vas deferens through the cauda epididymis and collected into a 1.5-ml Eppendorf tube.
Uterine fluid (UF) collection
Genital tracts from sows (commercial hybrid Landrace × Large White) were obtained at a slaughterhouse (El Pozo Alimentación S.A., Alhama de Murcia, Murcia, Spain) and transported to the laboratory on ice within 1 h. The stage of the estrus cycle was assessed once in the laboratory according to ovarian morphology. Only the tracts classified as in late follicular phase [periovulatory follicles (8-11 mm in diameter) or close to ovulation (> 11 mm in diameter)] were used to obtain UF [22, 23] . Once classified, the uterine horns from each sow were separated, and the UF was obtained by mechanical pressure from the cranial to the caudal part of the uterus (oviductuterine body direction). The fluid was centrifuged (7000 g for 10 min 4 C) to eliminate cellular debris, and the supernatant was kept at -20 C until use.
Estrus detection and artificial insemination (AI)
Multiparous sows (Large white × Landrace) (3-5 parity) used for breeding were weaned 28 days after farrowing. Estrus detection was performed twice daily and defined by the standing reflex in front of a teaser boar and by reddening and swelling of the vulva.
Sows were inseminated with a single dose (1.5 × 10 9 spermatozoa per dose in 40 ml of extender, Zoosperm ND4, Import-Vet S.A., Barcelona, Spain) 24 h after oestrus detection. Post-cervical AI was performed using a combined catheter-cannula kit (Soft & Quick®, Import-Vet). Before insemination, the perineal area was carefully cleaned with 0.5% chlorhexidine gluconate wipes (Despro®, Import-Vet).
Backflow collection
After insemination, the perineal area was thoroughly dried. The semen backflow was collected in human colostomy bags (Hollister Ibérica S.A., Madrid, Spain) (fixed around the vulva and secured with tape) over a period of 60 min following insemination.
Surgeries and sperm recovery
The inseminated sows were subjected to sedation and anesthesia ~24 h after AI. Preoperative anesthesia and analgesia was carried out as previously described [20] . The anesthetic level was maintained using isoflurane (Isoflo ® , Laboratorios Dr. Esteve S.A., Barcelona, Spain) vaporized in oxygen at 2-3%. All of the inseminated sows were ovulated the day of surgery. The genital tract was exposed through a mid-ventral incision (laparotomy). The UTJ segments (1 cm of the tip of the uterine horn and 1 cm from the oviductal isthmus) were flushed twice with 1 ml of phosphate-buffered saline (PBS) (Sigma-Aldrich®, Madrid, Spain).
Sperm morphology analysis
Sperm morphology was determined by mixing semen samples in 2% buffered glutaraldehyde solution, placing 10 µl of the fixed solution on glass slides and covering the glass slides with coverslips (24 × 24 mm). Spermatozoa were examined under a phase-contrast microscope (Nikon®, Eclipse E200, Tokyo, Japan) to analyze the morphology under an oil immersion objective (1000 × magnification). Spermatozoa were classified into one of the following categories ( Fig.  1 ): normal morphology (normal), cells with an attached proximal cytoplasmic droplet (PCD), cells with a distal droplet (DCD) or cells with tail defects (TD) (folded and coiled tails) [24] .
Experimental design
This study was divided into two experiments. Experiment 1 was designed to evaluate spermatozoa selection within the uterus based on their morphology and avoidance of the cervix barrier (post-cervical insemination). Rich sperm fractions were obtained from fertile boars (n = 2) and diluted in commercial extender (1.5 × 10 9 spermatozoa/40 ml). Six multiparous sows were inseminated (distributed three per boar) 24 h after estrus detection. The morphology of spermatozoa in the inseminated dose, backflow (collected during 60 min post-insemination) and UTJ (collected ~24 h after insemination) was analyzed and classified as mentioned above (see the sperm morphology analysis section). A total of 2800 spermatozoa were evaluated in this experiment (insemination dose = 800, backflow = 1000 and UTJ = 1000).
Experiment 2 was designed to ascertain whether the UF (mimicking the milieu that spermatozoa find in the uterus) can influence sperm morphology at different times. Four ejaculates and four epididymal sperm samples (from different boars) and a pool of samples of UF in the late follicular phase (from three different females) were used for this experiment. Ejaculated and epididymal spermatozoa morphology (classified as mentioned above) was analyzed in the following experimental groups: 1) ejaculated or epididymal sperm (initial samples), spermatozoa morphology in the samples before incubation; 2) control 2 h, sperm incubated for 2 h at 38 C; 3) control 24 h, sperm incubated for 24 h at 38 C; 4) UF 2 h, sperm incubated with 20% UF for 2 h at 38 C; and 5) UF 24 h, sperm incubated with 20% UF for 24 h at 38 C. Groups were adjusted in PBS to reach a final concentration of 40 × 10 6 sperm/ml. For each group and type of sperm (ejaculated and epididymal), 1200 sperm were examined. A total of 4 replicates were performed.
Statistical analysis
Statistical analyses were performed using SPSS v.15 (SPSS, Chicago, IL, USA). Data are expressed as the mean ± SEM and were analyzed by one-way ANOVA. When ANOVA revealed a significant effect, values were compared using the least significant difference pairwise multiple comparison post hoc test (Tukey). Differences were considered statistically significant at P < 0.05.
Results
Experiment 1
Before insemination, the morphology of the ejaculated sperm (initial sample) was analyzed and found to be 82.25% (± 2.41) normal sperm, 15.37% sperm with cytoplasmic droplets (PCD, 7.12 ± 3.15; DCD, 8.25 ± 3.26%) and 2.37% (± 0.59) sperm with TD (Fig. 2) . Backflow was collected in colostomy bags during the 60 min following insemination: 72.30% (± 2.35) of the sperm had a normal morphology, indicating an increase of ~10% in abnormal sperm compared with the insemination dose (P < 0.05). An increase in TD was observed in the backflow (8.30 ± 2.51%) compared with the insemination dose (2.37 ± 0.59%) ( Fig. 2 ; P < 0.05). On the other hand, almost all of the sperm obtained from the UTJ had a normal morphology (97.88 ± 1.09%) (Fig. 2) , which means an increase of ~15% compared with the insemination dose (P < 0.05). No TD were observed in sperm collected from the UTJ. Moreover, no differences were found in the morphology of sperm collected from the right and left UTJs (Fig. 3) . 
Experiment 2
The results for ejaculated sperm are shown in Fig. 4 . No differences were found in sperm morphology among the different experimental groups (P > 0.05) for any of the parameters studied (normal, 70.25-75.58%; PCD, 2.58-4.62%; DCD, 17.67-24.06%; TD, 1.50-3.67%). As regards epididymal sperm (Fig. 5) , the percentage of morphologically normal sperm in the initial samples was 25.77% (± 4.88), but 24 h after incubation in UF, the normal sperm morphology increased to 53.58% (± 5.91) (P < 0.05). This was mainly due to the decrease in DCD, from 53.22% in the initial samples to 20.20% in the UF for 24 h group (P < 0.05). The decrease in DCD started to be significant (P < 0.05) with respect to the initial sample 2 h after incubation in UF (27.66 ± 1.92%). No differences were observed in the percentages of PCD (range 19.62 to 22.77%) and TD (range 1.29 to 4.62%) when the 5 experimental groups were compared.
Discussion
Why one sperm should be more capable of fertilizing oocytes than millions of others deposited in the female genital tract is still controversial. The uterus represents a foreign environment for spermatozoa, which come up against several barriers and possible setbacks during their journey to the oviduct before they can be selected at the site of fertilization. The results of this study indicate (see Fig. 6 ), that the uterus acts as a barrier to abnormal sperm, which are collected into the backflow; that during their journey through the female reproductive tract, almost 100% of sperm that colonize the UTJ have a normal morphology; and that the UF does not seem to be involved in cytoplasmic droplet shedding during the transport of ejaculated sperm to the oviduct, although the presence of UF influences distal droplet removal in epididymal sperm.
The backflow of semen is a physiological process in pigs, since it happens after both natural [25] and artificial [26, 27] insemination and occurs in almost 100% of females [28] . When AI is performed, approximately 15-25% of the total sperm deposited in the uterus are refluxed within 60 min of AI [29] . The results in the present study point to an increase in the percentage of morphologically abnormal sperm collected in the backflow compared with those initially deposited in the uterus body. Previously, it has been suggested that a first selection based on sperm morphology takes place in the cervix, as in humans [19] . In our case, insemination was performed into the uterine body, but the percentage of morphologically abnormal sperm collected in the backflow was higher compared with the insemination dose. This data suggests that, in addition to the cervix, the uterine horns take part in sperm selection. Following their journey, the remaining sperm cells continue their search for the oocyte in the female tract. As mentioned in the results, almost 100% of the sperm reaching the UTJ had a normal morphology. Two explanations (see Fig. 6 ) may be proposed for these findings: 1) the uterus acts as sperm selector based on sperm morphology (experiment 1) and/or 2) the environment within the uterus (e.g., UF components) promotes the shedding of cytoplasmic droplets (experiment 2).
In agreement with our results, Mortimer et al. [18] found < 1% of abnormal human sperm in oviducts compared with ~18% in the inseminated sperm; furthermore, the sperm recovered from the murine uterus after mating also displayed no cytoplasmic droplets [17] . It is widely believed that selection of viable spermatozoa occurs during their passage through the lower parts of the female tract and through the UTJ [1, 30] . Our results indicate that ~98% of sperm that colonize the UTJ have a normal morphology.
The female reproductive tract may employ molecular recognition mechanisms to obtain information about individual spermatozoa, implying communication between the two [31] ; in this way, females would choose the spermatozoa able to reach and fertilize the oocyte [8] . The female reproductive tract may be able to reject membrane-damaged spermatozoa [31, 32] , discriminating between the cells based on DNA integrity. Furthermore, evaluation at high magnification revealed that poor human sperm morphology [33] was correlated with sperm carrying fragmented DNA. In our study, the results concerning the proportion of sperm with normal morphology suggest that sperm selection in the uterus horn could be related to DNA status. Moreover, a negative sperm surface charge seems to be involved in sperm quality and to be related to sperm maturation. An increased sperm surface negative charge is correlated with sperm maturation, and the uterus acts to filter out immature sperm [31] .
Part of the sperm population is phagocytosed by PMNs after insemination. It has been hypothesized that aged or dead sperm bind to PMNs [34] [35] [36] during their journey within the uterus, although other authors [37] showed in an ex vivo experiment that PMNs are attached mainly to viable sperm. The correlation between PMNs and morphologically abnormal sperm attachment has not been demonstrated, suggesting the existence of a female mechanism to reduce the proportion of this type of sperm within the uterus, thus preventing them from reaching the oviduct.
Essentially, morphologically normal sperm have a greater capacity to bind to the oviduct, suggesting a selective process [16, 38] . In addition, ejaculated spermatozoa with cytoplasmic droplets may be altered in the carbohydrate-binding sites, reducing their capacity to adhere to epithelial cells in the oviduct [38] , as in the case of sperm tails with hairpin loops [32] . In the same way, sperm are also attached to uterine epithelial cells [37] , and, as occurs in the oviduct, sperm with a normal morphology may be bound to the uterus, while a higher proportion of abnormal sperm cells may be expelled in the backflow than attached sperm, i.e., sperm with normal morphology. Moreover, sperm with proximal cytoplasmic droplets have a low fertility potential under in vitro conditions in species such as the human [39] , bovine [12, 13] or canine [14] , which exhibit reduced or impaired zona binding, penetration, cleavage or embryo development. There are several explanations for why spermatozoa with an abnormal morphology may have low fertility. On the one hand, it has been demonstrated that most of the sperm with proximal cytoplasmic droplets are unable to swim-up [12] , indicating defective motility in this type of sperm. On the other hand, the presence of cytoplasmic droplets has been related with an increase in ROS generation [40] [41] [42] , which is thought to produce an alteration in the sperm membrane, decreasing fertilization capacity [43] . Furthermore, abnormal chromatin condensation has also been related to the presence of sperm abnormalities and a decrease in binding to the oviduct [44, 45] .
As pointed out in the introduction, spermatozoa lose most of their cytoplasmatic droplets after ejaculation, while retention of them is considered a sign of infertility. Several components of the seminal fluid (e.g., hemolytic phospholipid binding protein [PBP] or fructose) has been identified as being involved in this droplet shedding [46] [47] [48] , but whether the UF components would cause loss of spermatozoa droplets has not been studied. In the present study, ejaculated spermatozoa were incubated for 24 h in UF to mimic the environment that sperm encounter within the uterus. The results showed no relation between the presence of UF and a reduction in ejaculated sperm without cytoplasmatic droplets at different times (2 and 24 h). Approximately 25% of the sperm used in experiment 2 (Fig. 4) had a cytoplasmic droplet even after ejaculation and UF incubation. During epididymal transit, spermatozoa are loaded with osmolytes, which are important at the time of ejaculation when the sperm are subjected to a lower osmolality than in the cauda epididymis [9] , and the osmolytes are lost together with the cytoplasmic droplet due to the volume regulating mechanisms that sperm possess. The difficulty that some spermatozoa within an ejaculate have in releasing droplets could be related to an impaired volume regulatory mechanism or a poor sperm osmolyte load. As a consequence, droplets may swell, inducing a flagellar angulation that would be a disadvantage for loss of the droplet [9] .
However, when epididymal spermatozoa were incubated with UF, a significant decrease in DCD was observed from 2 h onwards, the highest rate being observed at 24 h. Nevertheless, when motility parameters were compared in epididymal sperm (with or without UF), no differences were found (data not shown) in any of the parameters studied by a CASA system (motility, progressive motility, VCL, VSL, VAP, LIN, STR and WOB) after 2 h of incubation. These results suggest that there is no relation between shedding of the distal cytoplasmic droplet in the presence of UF and an increase in motion parameters, at least under our experimental conditions. Overall, these results indicate a role for UF in DCD removal, similar to the role played by seminal plasma. Previously, it was hypothesized [9] that epididymal spermatozoa with retained droplets, would lose their droplets when inseminated into the uterus, as occurs in ejaculated spermatozoa transferred into hypotonic inseminating medium. However, that theory does not really explain the results shown here in relation to the shedding of droplets. Since the osmolalities measured in the experimental groups were similar [control group (sperm without UF + PBS), 264 mOsm; and UF group (sperm with UF + PBS), 271.5 mOsm (data not included in results)], it seems more likely that factors in the UF are involved in this process, as occurs with seminal plasma. Both uterine and oviductal fluid exhibit vesicles called exosomes that have some components, such as proteins, that contribute to modulating sperm functions. Recently, it has been shown that one of these proteins, PMCA4a, may play an important and crucial role in the regulation of Ca 2+ during sperm capacitation [49] , and although Ca 2+ per se does not seem to be necessary for regulation of the sperm volume, the Ca 2+ influx that occurs may influence it [43] . Therefore, it is possible that other proteins from the UF may modulate sperm channels, which are important for regulating cell volume and subsequent droplet shedding [50] .
In the uterus, fluorescence microscopy revealed significantly higher numbers of spermatozoa at the UTJ of ewes inseminated with ejaculated sperm when compared with ewes inseminated with epididymal sperm [51] , suggesting that sperm selection is somehow related to sperm morphology or maturation status. However, the results of that study indicate that epididymal sperm are able to reach the vicinity of the site where the fertilization occurs. In fact, when gilts were inseminated using epididymal sperm (from the caput, corpus and cauda segment), the rate of pregnancy ranged from 8 to 83% [52] , showing that immature sperm may achieve their final maturation in contact with UF and in the absence of seminal plasma.
In conclusion, morphologically normal sperm are selected during their journey within the uterus (based on sperm characteristics and/or the influence of the female reproductive tract), and abnormal sperm are discarded in the backflow and in the uterus, ensuring an adequate population of normal sperm in the oviduct to fertilize the oocyte. The uterine horns seem to play an important role in this process, while uterine fluid components are involved in cytoplasmic droplet shedding at least in epididymal sperm.
